We have shown that Ca(OH) 2 solution is a natural stabilizer for CaCO 3 particles. We designed a CO 2 bubbling crystallization reactor to produce nano-CaCO 3 particles in homogenous size distribution without aggregation. In the experimental set-up, the crystallization region was separated from the stabilization region. The produced nanoparticles were removed from the crystallization region into the stabilization region before aggregation or crystal growth. It was shown that rice-like hollow nano-CaCO 3 particles in about 250 nm in size were produced with almost monodispersed size distribution. The particles started to dissolve through their edges as CO 2 bubbles were injected, which opened-up the pores inside the particles. At the late stages of crystallization, the open pores were closed as a result of dissolution-recrystallization of the newly synthesized CaCO 3 particles. These particles were stable in Ca(OH) 2 solution and no aggregation was detected. The present methodology can be used in drug encapsulation into inorganic CaCO 3 particles for cancer treatment with some modifications.
Introduction
Calcium carbonate (CaCO 3 ) is one of the most abundant minerals in nature and widely used as filling material in various industries in order to decrease the product costs and to improve some of the mechanical properties of the composite materials. The enhancement in the physical and mechanical properties of the polymeric composite materials is more pronounced when the particles are in nano sizes [1] . It could be possible to produce CaCO 3 from its natural mineral sources by crushing, grinding, and sieving processes. However, calcite produced from natural sources are in micron sizes and they have inhomogeneous size distribution [2] . Therefore, production of nano calcite can be achieved by recrystallization; such that the mineral CaCO 3 is converted to calcium oxide (CaO) by calcination, hydrated to calcium hydroxide (Ca(OH) 2 ) and recrystallize by carbon dioxide (CO 2 ) [3] [4] [5] [6] . Obtaining CaCO 3 particles in nano sizes with homogeneous size distribution and different morphologies is difficult due to agglomeration of newly synthesized clusters [7] [8] [9] [10] , which is related to the surface potential of the colloidal CaCO 3 particles [11] [12] [13] [14] . Also, there is a huge effort to produce hollow nano-CaCO 3 particles with homogenous size distribution and different morphologies, which is rare in the literature.
Classical crystallization mechanisms claim that a nucleation step is required before crystal growth [15] . However, novel crystallization mechanisms require a prenucleation process in which ions form stable clusters [7] . These clusters are charged particles in equilibrium with their ions and they can grow or collide to produce CaCO 3 nuclei. Therefore, certain additives were introduced into the crystal growing medium to alter the surface charge of the growing nuclei and to inhibit the CaCO 3 growth [16] [17] [18] [19] . Nano-CaCO 3 particles can be produced when the newly produced particles are stabilized by adjusting the surface potential of the particles. The surface potential of the colloidal system is related to the magnitude of the zeta potential. Particles with zeta potentials more positive than þ30 mV or more negative than À 30 mV are considered stable [20] . The zeta potential values for the CaCO 3 have been reported in the literature sometimes positive, sometimes negative, and sometimes variable zeta potential values [13] . The point of zero charge (PZC) of CaCO 3 exists around 9-10 although the zeta potential of colloids is pH-dependent [21] . The zeta potential for CaCO 3 was reported to be about À 10 mV [22] indicating that the newly produced CaCO 3 clusters are naturally unstable. It is the reason why newly formed particles were aggregated and formed micron sized particles [3, 9, [23] [24] [25] [26] [27] . It was understood that the surface potential for CaCO 3 is affected by various parameters such as aging [22] , additives [28] , surface modifiers [11] , and ions [12, 14] . For instance, the zeta potential for CaCO 3 was positive when Ca þ þ ions were in excess in the solution, and it was negative when − CO 3 2 ions were in excess in the highly important for the production of stable nano-CaCO 3 particles. In our previous paper [29] , we have reported that the zeta potential for CaCO 3 particles was more than þ 30 mV in Ca(OH) 2 solution and the Ca(OH) 2 solution is indeed a natural stabilizer for the newly produced CaCO 3 particles. We now propose that nano-CaCO 3 particles could be produced in homogenous size distribution when the stability of the clusters could be achieved in the colloidal solution. Here, an experimental strategy was developed, for which the newly produced nano clusters were removed from the crystallization region into the stabilization region and show that, for the first time, the nano-particles of about 300 nm in size, homogenous size distribution, and rice-like hollow calcite particles can be produced.
Materials and methods

Materials
Calcium hydroxide (Ca(OH) 2 ) was purchased from Merck with a purity of 96% of which 3% was CaCO 3 , and 1% was other impurities (mainly 0.05% of Na, K, Fe, Sr; 0.5% of Mg; 0.01% of − SO 4 2 , and 0.005% of Cl À ). CO 2 gas was purchased from Carbogas, Turkey with a purity of 99.99%. Ultrapure water was obtained with a MilliQ (Millipore-Elix UV5/ Milli-Q) water purification system with a resistivity of 18.2 MΩ cm at 25°C.
Experimental set-up
The CaCO 3 crystallization was performed in a stirred tank reactor at room temperature as shown in Fig. 1 . The reactor consists of a crystallization tank filled with ultra-pure water, a mechanical stirrer, a CO 2 bubbling orifice, a pH meter with conductivity probe, and a data acquistion system. The CO 2 gas was bubbled from the CO 2 tank through an orifice into the Ca(OH) 2 solution. The vicinity of CO 2 bubbles was termed as "crystallization region". The remaining undissolved CO 2 bubbles was allowed to be purged from the surface of the solution to the atmosphere. The newly formed CaCO 3 crystal particles around the CO 2 bubbles were removed as quickly as possible from the crystallization region into the Ca(OH) 2 solution by mechanical stirring. The CO 2 bubble-free region of the reactor is called the "stabilization region". 15 mM of Ca(OH) 2 solution was prepared by adding 7.78 g of Ca(OH) 2 powders in 7 L of ultra-pure water and allowed to dissolve by stirring at 750 RPM for 30 min before the CO 2 injection. Conductivity and pH values were measured and monitored by Thermo Orion 5-star pH meter and recorded with a Thermo Star Navigator 21 software program.
Sample preparation and characterization
Average particle size, size distribution, and zeta potential values were measured using dynamic light scattering (DLS) method. About 1 ml of sample was withdrawn from the solution into a UV cuvette and size and size distribution were measured using particle size analyzer (Malvern nano sizer, ZS model). A 1 ml of sample was also withdrawn from the solution into a zeta cell and zeta potential values were measured.
At certain time interval, precipitates were separated from sampled solutions by centrifugation (Universal 320 -Hettich Zentrifugen) at 9000 RPM for 20 min. The particles were washed with acetone and dried at 103°C in an oven (Nüve FN 500) overnight. The morphologies of the CaCO 3 crystals were analyzed using a scanning electron microscope (SEM) equipped with a field emission source (Philips XL 30S FEG), operating at an accelerating voltage of 15 kV. The crystal structure of the particles was determined by the X-ray powder diffraction (XRD) measurements.
Results and discussion
Because calcium carbonate crystallization is an ionic reaction, the crystal growth rate cannot be easily controlled, and thus, it is difficult to obtain particles in nano sizes, homogeneous size distribution, and different morphologies. In order to understand the phenomena occurring in CaCO 3 crystallization in Ca(OH) 2 as in the carbonization method, the zeta potential values of CaCO 3 particles in Ca(OH) 2 solution were investigated and reported recently in our previous paper [29] . The dissolution of CaCO 3 and Ca(OH) 2 ions, so called the potential determining ions (PDI), present in the solution. It was concluded that the zeta potential of CaCO 3 particles is more than þ 30 mV and therefore they must be stable in the Ca(OH) 2 solution so that nano-CaCO 3 particles could be synthesized without aggregation. The present experimental method was designed to stabilize the newly generated nano-CaCO 3 particles in Ca(OH) 2 solution. Fig. 2 shows the change in conductivity and pH values during the progress in the CaCO 3 crystallization in the CO 2 bubbling stirred reactor. As shown in figure, before the CO 2 injection, the conductivity and pH values for pure water were constant at 0.90 ms/cm and 5.5, respectively. When Ca(OH) 2 were added into the pure water, pH was reached to 12.5 and conductivity was reached to 6.6 mS/cm and the solution was fully stabilized in about 10 minutes. As soon as the CO 2 was injected into the system in bubble form, almost a linear decrease in the conductivity and a slight decrease in pH were observed at the early stage of crystallization. The decrease in conductivity was related to the consumption of Ca þ þ ions in the solution [29] . As can be seen from the conductivity values, the crystallization rate seems to be higher at the earlier stages of crystallization and it was relatively slower during the late stages of the crystallization. Decrease of the conductivity to about 0 mS/cm value indicated that almost all of Ca þ þ ions were consumed in the solution. At this stage, a steep decrease in pH was observed due to increase in H þ and − HCO 3 ion concentrations in the solution as a result of CO 2 dissolution. The pH values were greater than 11.5 during the early stages of the CaCO 3 crystallization, which is important on the formation of calcite form among CaCO 3 polymorphs [26] . The decrease in pH resulted in the dissolution of some of the already precipitated or crystallized CaCO 3 particles in the solution, which yielded the conductivity to increase back again in the solution. The crystallization was terminated when pH reached to about 7.0. Samples were taken at the specified time intervals as shown in the figure.
The In the presence of carbonate buffer, additional ions, clusters, and nano-particles could also form [12, 13, 22] The complex formation of Ca þ þ ions seem to consume some OH À ions, which cannot diffuse into the pH probe, and therefore, the pH values were measured to be lower than it should be, while the charged species were reported by the conductivity measurement. As can be seen from the figure, the conductivity values started to decrease as soon as the CO 2 bubbles were injected into the solution while the decrease in pH was step-wise. Because the CO 2 injection rate is too slow, the change in pH was relatively slow and it read the same pH value for almost 10 min during crystallization. As can be seen in the figure, the Ca þ þ ion consumption rate is 6 72 mM/s in 7 l of solution (0.04270.014 mmole/s) at the earlier stages of crystallization. This rate is also the CO 2 dissolution rate in the Ca(OH) 2 solution, which is in good agreement with the literature [32, 33] . The decrease in the Ca þ þ concentration also indicate that Ca þ þ ions were consumed in nano crystal formation and attached to the surfaces of the newly produced solid nanoparticles used to stabilize the them in the solution. The Ca þ þ consumption rate was relatively slower at the late stage of crystallization due to dissolution-recrystallization mechanism in crystallization [25, 26, 34, 35] . Upon consumption of all Ca þ þ ions, the further dissolution of CO 2 in the solution and the dissolution of the newly synthesized CaCO 3 particles started to increase the Ca þ þ ion concentration in the solution so that the Ca þ þ consumption rate became positive for a net Ca þ þ production rate.
The OH À consumption rate was not shown due to the step change in pH values. However, as can be seen from the overall change of Fig. 3b , the OH À consumption rate is about double of the Ca þ þ consumption rate. Fig. 4 shows the zeta potential and average particle size of the particles produced. As shown in the figure, before the crystallization, the average particle size was about 530 nm and the zeta potential was measured to be 40 mV. These particles were mostly CaCO 3 particles distributed in the Ca(OH) 2 solution as the impurity, which are in good agreement with our previous report [29] . As soon as CO 2 was injected into the solution, the average particle size was measured to be about 250 nm and zeta potential values were increased to 55 mV. As the crystallization progressed, the average particle size was measured to increase to about 400 nm while the zeta potential values was still higher indicating that the newly produced particles were stable in the solution. At the late stage, when Ca þ þ ions were all consumed and pH started to decrease, the zeta potential value started to decrease to about 28 mV and the measured average particle size started to increase. At the end of crystallization, the "measured" average particle size was about 990 nm, which, we believe, is an artifact because, as will be shown in the SEM images below, the increase in number of particles caused the light scattering to a larger size region affecting the DLS measurement for size estimation. The zeta potential value, on the other hand, was 38 mV, which was enough to stabilize the newly synthesized nano-particles. Besides, no any multiple peaks were seen in the size distribution measurements. Fig. 5 shows the SEM images of the particles obtained at each step of crystallization in the CO 2 bubble reactor. As shown in figure, before the CO 2 injection, at step (0), there was a mixture of large and small particles in solution. These particles were CaCO 3 residues remained in the Ca(OH) 2 solution as the impurity as indicated in the XRD patterns as shown in Fig. 6 . As soon as the CO 2 bubbles were injected in the solution, rice-like CaCO 3 particles formed with an average particle size of about 250 nm. Not much aggregation was seen due to the stability effect of Ca(OH) 2 solution [29] , where the zeta potential values were higher than þ30 mV [20] . As the crystallization progress, the particles was shown to grow slightly as their number increased due to newly formed nano-CaCO 3 particles. As shown in the images, some of the particles were eroded due to dissolution in the solution. The dissolution rate was significant at step (3) and progressively increased through step (5). These dissolution steps were the reason why the Ca þ þ ion consumption or the crystallization rate was relatively slower compared to the initial step of crystallization as indicated in Fig. 3b . The dissolution of these particles discovered the fact that these particles were indeed in hollow shape with an empty space inside the particles. The growth rate and the dissolution rate were both higher at the edges of the rice-like particles because we think that the edges are the most energetic parts [36] . Interestingly, the hollow openings to the edges were closed up at the end of crystallization at step (6) and step (7) as a result of the dissolution and recrystallization of CaCO 3 particles in the solution [25, 26, 34, 35] . The diffraction peaks in XRD was shown in Fig. 6 . The 2θ value at 29.468o, and the sharp peaks at the d-spacing 3.02864, 1.9166 and 1.8796 represent the well characterized (104) calcite form of CaCO 3 . There was no any different peak detected showing any impurity or any different CaCO 3 crystalline form. Fig. 7 shows a possible mechanism for the formation of the rice-like hollow nano-CaCO 3 particles. Once the CO 2 bubble was introduced into the Ca(OH) 2 solution, it will dissolve and its concentration increases around the bubbles, which reacts with the available Ca þ þ ions in the solution. The newly produced CaCO 3 particles would be CaCO 3 crystallite particles [7, 10, 37] of about 40 nm as we calculated from the (104) peak of the XRD pattern of the CaCO 3 particles using the Sheerer Equation [38] . As shown in Fig. 7a , these nano crystallites aggregate with the available Ca Fig. 7b , the crystallites on these newly developed nano-particles are not stable and vulnerable to dissolve. As crystallization progress, these particles can disintegrate and dissolve in the solution starting from the edges, and at the surfaces when they come across the close territory of the CO 2 bubbles, where pH is lower and there is an imbalance between the ions. As shown in Fig. 7c and d, the progress in dissolution at the edges result in hollow nano-CaCO 3 particles. When all the Ca þ þ ions were consumed in the solution, pH starts to decrease, which facilitates the dissolution, increasing further the Ca þ þ concentration in the solution.
This process causes the recrystallization of the particles leading to close up the edges of the hollow CaCO 3 particles with an empty space inside.
It is important to understand the chemistry behind formation and close-up of the hollow structures in nano-CaCO 3 synthesis. We have reported in our previous paper that the solubility values for Ca(OH) 2 and CaCO 3 are about 20 mM and 0.1 mM, respectively [29] . Therefore, the solution was initially undersaturated with respect to Ca(OH) 2 and supersaturated with respect to CaCO 3 . However, the supersaturation conditions can change through the progress of the crystallization leading to the dissolution of the newly synthesized CaCO 3 particles and/or close-up of pores as a result of recrystallization. Because this is our first report on the formation of pores in CaCO 3 synthesis, there are a lot to do to understand the chemistry behind the formation of such structures with a well-defined chemical models, such as PHREEQC [39] , and others [40] .
As can be seen in the SEM images of the rice-like hollow nanoCaCO 3 particles in Fig. 8 , these particles have a monodisperse particle size distribution without aggregation. These hollow nanoparticles have numerous advantages. For instance, the bulk density of these particles were measured by packing them in a measure and estimated their weight per volume. Their bulk density was about 0.95 g/cm 3 compared to 2.74 g/cm 3 of the density of crystal calcite.
The BET surface area of the open-pore and close-pore calcite was measured to be about 15 m 2 /g and 12 m 2 /g, respectively. Due to weight reduction and high surface area, the hollow rice-like nano calcite particles could be used in composite materials, plastics, cement, paint, paper manufacturing, etc. [41] [42] [43] [44] [45] [46] . Most importantly, as we were searching for a candidate for the inorganic material for drug loading, drugs can be trapped within these hollow nano-CaCO 3 particles to effectively and efficiently deliver them to the tumors and cancer cells with some modifications [19, [47] [48] [49] [50] [51] . In the future, methods will be developed to synthesize featured hollow nano-CaCO 3 particles for drug loading and cancer therapy.
Conclusions
Rice-like hollow nano-CaCO 3 particles were produced by slow addition of CO 2 bubbles into the Ca(OH) 2 solution. The estimated OH À ion concentration was lower than its theoretical value due to complex formation in the presence of Ca þ þ ions, for which pH reading was lower than expected while conductivity reading was satisfactory to estimate the charged species. The Ca þ þ ion consumption rate was relatively higher at the early stage of crystallization, however, it was slower at the late stage of crystallization due to dissolution-recrystallization of the newly synthesized CaCO 3 particles. Dissolution was faster at the edges of the rice-like particles. At the late stages, when Ca þ þ ions were consumed and pH decreased, recrystallization resulted in close-up of the edges of the particles leading to the formation of fine hollow nano-CaCO 3 particles. XRD patterns of the particles indicated that the particles were all the calcite form of CaCO 3 . These particles were thought to be used in drug loading and cancer treatment applications with some modifications. 
